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Energy absorber apparatusThe modeling method and dynamical characteristics of steel wire ropes has been researched for several
decades. In the past, steel wire ropes were usually modeled as a two dimensional system, which was only
suitable for the planar motion. Also, no kink-wave propagation was considered when steel wire ropes
were used in relatively low speed engineering application areas. By contrast, a three dimensional
approach to model steel wire ropes used in high energy absorber apparatus is presented in this paper.
Three dimensional contacts between steel wire ropes and other objects and kink-wave propagation in
steel wire ropes are taken into consideration when applying the new approach to model steel wire ropes.
Compared to the two dimensional model of steel wire ropes, the proposed model regards steel wire ropes
as a multi-body system consisting of identical cylindrical elements with 6 degrees of freedom connected
by space constraints. Impact forces generated by three dimensional contacts between steel wire ropes
and other objects are calculated and theories of elastic wave propagation are applied to analyze the
kink-wave propagation when steel wire ropes are loaded with a sudden perpendicular impact by a high
speed moving object. In addition, mathematical model of steel wire ropes is established and numerical
simulation of the three dimensional model of steel wire ropes is implemented. By comparing the simu-
lation results with the experimental data available, the model of steel wire ropes proposed in this paper is
demonstrated to be valid and correct. Therefore, the proposed modeling method can be treated as a new
approach in the research ﬁeld of modeling steel wire ropes. The dynamical characteristics of the steel
wire ropes based on this newmodeling approach are addressed simultaneously and plots of the dynamics
of steel wire ropes cannot only be regarded as a basis for the further comparative studies, but also can
provide some signiﬁcant and interesting results.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Due to the high axial strength and stiffness with ﬂexibility in
bending, steel wire ropes have been used extensively in many
engineering application ﬁelds, such as elevators, mine hoisting,
highway guardrail systems, energy absorber apparatuses, and so
on. Generally speaking, the constituent steel wires are helically
wrapped around core wires to form strands and likewise, several
strands are helically wrapped around other strands or core materi-
als to make a singular steel wire rope. Different classes of steel wire
ropes have different numbers and arrangements of steel wires in a
strand, different numbers and arrangements of strands in a rope,
and different types of core materials (Ridge et al., 2001).
Researches on steel wire ropes have already been carried out for
many years. Different types of modeling approaches for steel wireropes can be raised with very different levels of accuracy and efﬁ-
ciency. In early research attempts, steel wire ropes were modeled
as a continuous system described by partial differential equations
(e.g. Rochinha and Mattos, 1996; Yong, 2006; Johansen et al.,
2006). Elata et al. (2004) presented a model for simulating the
mechanical response of a wire rope with an independent wire rope
core. Bradon et al. (2007) developed a theoretical model to describe
the mechanical behavior of the steel wire ropes. More recently, the
discrete models of steel wire ropes are adopted from the view of
computational efﬁciency. Several discrete models of steel wire
ropes to implement numerical simulations have been formulated,
including a discrete model with bending stiffness or viscous damp-
ing, a discrete elastic-dissipative system of a hanging rope, a math-
ematical model based on the Lagrange formalism and a rope model
based on the rigid ﬁnite element method (Fritzkowski and
Kaminski, 2011, 2010a, 2013; Kaminski and Fritzkowski, 2013).
Dynamics of the rope modeled as a discrete system with extensible
members and as a multi-body system with elastic joints
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respectively. However, the common drawback of the preceding
models was that the discrete models mentioned above were
assumed to be planar ones while only 3 degrees of freedom were
considered. In order to overcome this shortcoming, other research-
ers developed different three dimensional modeling methods of
steel wire ropes. Gentilini et al. (2012) presented a three-dimen-
sional numerical modeling of falling rock protection barriers for
risk mitigation of potentially unstable rock slopes and the protec-
tion barriers were composed of steel wire ropes. Bertrand et al.
(2013) conducted the full-scale dynamic analysis of an innovative
rockfall fence (consisting of steel wire ropes) under impact using
the discrete element method. Moon et al. (2014) dealt with the
practical design of rockfall catchfence (also consisting of steel wire
ropes) by means of three dimensional ﬁnite element analysis fea-
turing explicit dynamic capabilities. Tran et al. (2013a) proposed
a prototype of a wire-rope rockfall protective fence developed with
three dimensional numerical modeling. Rockfall restraining nets
(Peila et al., 1998) and rockfall net fences (Peila and Ronco, 2009)
were mainly composed of steel wire ropes and their performances
were also studied. Lundström et al. (2009) investigated the reac-
tions and energy absorption of trees subjected to rockfall where
steel wire ropes were mounted between trees. Volkwein et al.
(2011) summarized the rockfall protection structures and steel
wire ropes were found to be the most common component of these
structures. Beside, Finite Element Method (FEM), a popular
method, is applied to model steel wire ropes. Nawrocki and
Labrosse (2000) established a ﬁnite element model of a simple
straight wire rope strand based on a Cartesian isoparametric for-
mulation. Lugrís et al. (2011) put forward a ﬁnite element model
with a penalty contact model with stiction for modeling the
dynamics of the rope and rope-sheave contact in weight-lifting
machines. Tran et al. (2013b) introduced a wire-rope rockfall pro-
tective fence (consisting of posts, wire ropes, wire netting and
energy absorbers) and veriﬁed its performances by both experi-
ments and dynamic ﬁnite element analysis.
To the author’s knowledge, the various models of steel wire
ropes mentioned above were developed with quantities of
assumptions. Mostly, the motions of steel wire ropes were consid-
ered to be planar and thus only two translational degrees of free-
dom and one rotational degree of freedom were taken into
account while modeling steel wire ropes. Although there were
some researches concerning the three dimensional modeling of
the nets or the fences where steel wire ropes were one of the con-
stituent parts, it had to be admitted that these researches mainly
focused on the whole performances of the nets or the fences, rather
than the dynamics of the steel wire ropes. In other words, the
direct three dimensional contacts between steel wire ropes and
other objects were still neglected, leading to the inaccuracy of
the dynamics of steel wire ropes. As for those researches concern-
ing the nets or the fences, their research results about the dynam-
ics of the steel wire ropes could be served as the materials of the
comparative studies.
The dynamical characteristics of the steel wire ropes based on
different modeling approaches and various application ﬁelds were
investigated in the last few decades. The importance of this subject
cannot be overestimated, especially in the context of the industry
closely related to people’s lives, such as the helicopter rescue hoist
ropes (Giglio and Manes, 2003, 2005) and rope-propelled auto-
mated people movers (Nußbaumer et al., 2012), where the safety
of personal and proﬁtability rely on stable and divinable designs.
Thus, it is necessary to analyze the dynamical characteristics of
steel wire ropes completely, especially when a new modeling
approach is proposed. Some researchers had made several preli-
minary investigations on this subject. Bateman et al. (2007) and
Stolle and Reid (2011) paid more attention to the roadsideguardrail systems, where steel wire ropes were the vital compo-
nents, and predicted the dynamical behavior of the systems.
Worker security ropes used in an energy absorber (Spierings and
Stämpﬂi, 2006) were researched and the dynamical characteristics
of the steel wire ropes were applied to prevent work-related falls
in the construction and rooﬁng industries. As the practical and
engineering application of steel wire ropes, the examples men-
tioned above emphasize the importance of modeling steel wire
ropes accurately.
A large number of interesting phenomenon exist in steel wire
ropes when they are applied in different engineering ﬁelds, such
as hockling (Ermolaeva et al., 2008), creep (Mattos and Chimisso,
2011), coupled axial-shearing strains waves (Yen et al., 2009),
propagation of longitudinal deformation wave (Razdolsky, 2011),
and so on. However, to date, little has been published concerning
the properties of the kink-wave propagation in steel wire ropes,
a special phenomenon while steel wire ropes are employed in a
high speed engineering application ﬁelds. Consequently, the prop-
erties of the kink-wave propagation, in terms of the different wave
velocities, have not been well researched. Although very few
researchers paid attention to the phenomenon of kink-wave prop-
agation in steel wire ropes, it indeed has a crucial inﬂuence on the
characteristics of the steel wire ropes, especially in the high speed
application ﬁelds.
Among the articles about steel wire ropes in recent years, peo-
ple concentrate on developing new efﬁcient and accurate modeling
approaches of steel wire ropes. Meanwhile, people also realize that
it is essential to predict the dynamical characteristics of steel wire
ropes based on the corresponding modeling method to design and
assess a sophisticated apparatus involved with steel wire ropes, for
example, the arresting gear for stopping the aircraft (Mikhaluk
et al., 2008; Shen et al., 2013) and the rock-falling protection net
fences (Gentilini et al., 2013; Thoeni et al., 2013; Gentilini et al.,
2012; Moon et al., 2014; Tran et al., 2013a, 2013b). Therefore in
this context, the steel wire rope is modeled as a multi-body system
consisting of identical cylindrical elements with 6 degrees of free-
dom connected by space constraints. Impact forces generated by
three dimensional contacts between steel wire ropes and other
objects are calculated and theories of elastic wave propagation
are applied to analyze the kink-wave propagation when steel wire
ropes are loaded with a sudden perpendicular impact by a high
speed moving object. The presented three dimensional model of
steel wire ropes is used in a certain high energy absorber apparatus
where the energy to be absorbed is over 50 MJ and the peak power
is over 30 MW. Although steel wire ropes have already been used
in other absorbing energy applications (Peila et al., 1998; Tran
et al., 2013b; Bateman et al., 2007; Lundström et al., 2009), the
maximum energy to be dissipated is only about 5 MJ (Gentilini
et al., 2012), much less than the energy to be absorbed by the steel
wire rope in this paper.
The present paper is organized as follows: At ﬁrst, the high
energy absorber apparatus where the steel wire rope is used is
introduced, and the method of verifying the proposed three dimen-
sional modeling approach of steel wire rope is presented. Secondly,
mathematical descriptions of the steel wire rope are presented and
numerical simulation of the model is implemented. In the end, the
numerical simulation results and the experimental data available
are compared to demonstrate the validity and correctness of the
proposed model used in high energy absorber apparatus, and the
dynamical characteristics of the steel wire rope are also analyzed.2. The target steel wire rope
The target steel wire rope refers to the rope stretched between
the two connectors and is used to engage with the hook attached to
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of the target steel wire rope between connectors is 27 m. The
detailed structure of the connectors between the target steel wire
rope and the other ropes is shown in Fig. 1. The target steel wire
rope and the other ropes are both ﬁxed to the connector. The con-
nector is able to rotate as a result of the existence of the bolt. The
connector between the target steel wire rope and other ropes can
be regarded as a link block with the function of rotations. The steel
wire ropes binding the connector to the sheave and connecting the
sheave to the hydraulic unit belong in the category of ‘‘other
ropes’’, as shown in Fig. 1. The initial length of the steel wire rope
binding the connector to the sheave is 1.5 m. The initial length of
the other ropes connecting the sheave to the hydraulic unit is
about 330 m. The target steel wire rope suffers from a perpendicu-
lar impact at its middle point when it is taken up by the hook
attached to the high speed moving object. So, the initial distance
between the impact point and the connector is 13.5 m. In Fig. 1,
most of the sheaves in the high energy absorber apparatus are
modeled as ﬁxed points in this paper. On the contrary, the movable
sheaves group connected to the hydraulic jack is modeled as a
movable point.
The target steel wire rope, a crucial component in the high
energy absorber apparatus, is applied to stop a high speed moving
object with large mass and high velocity. The connector combines
the target steel wire rope and other ropes which wind over the
sheaves in the high energy absorber apparatus. When the hook
engages with the target steel wire rope, the rope forces decelerate
the high speed moving object until its velocity comes to 0 m/s.
During this process, the kinetic energy and the gravitational poten-
tial energy of the high speed moving object are absorbed and dis-
sipated through the target steel wire rope. In the last process of
stopping the high speed moving object, the residual forces in the
target steel wire rope would make the stopped object drawn back-
ward and this phenomenon can be one of the rules to verify the
three dimensional model of the target steel wire rope.
In Fig. 1, the high energy absorber apparatus is composed of the
sheaves, other ropes and a suit of hydraulic unit which is used to
absorb and dissipate the kinetic and potential energy of the high
speed moving object. The sheaves consist of the ﬁxed single
sheaves, the ﬁxed sheaves group and the movable sheaves group.
The hydraulic unit is a kind of normal valve-controlled cylinder
system and its modeling process can be found in other literaturesFig. 1. The target s(Dong et al., 2013; Yao et al., 2000; Kilic et al., 2012). In particular,
Dong et al. (2013) dealt with the modeling of the hydraulic unit in
the high energy absorber apparatus. In this article, the details of
the modeling of the hydraulic jack and the accumulator are
clariﬁed.
As shown in Fig. 1, there are two kinds of steel wire ropes which
are combined by the connectors: the target steel wire rope and
other ropes. The diameter and the material properties of these
two kinds of steel wire ropes are different. A kink-wave in the steel
wire rope is generated immediately the target steel wire rope is
taken up by the hook with high speed. Kink-wave propagation in
steel wire ropes is an interesting and momentous phenomenon
and its mechanical properties play an important role in the dynam-
ical characteristics of steel wire ropes, especially in the early stage.
Some elementary parameters, including the geometry and kinetic
parameters of the high energy absorber apparatus, are listed in
Table 1. Besides, Table 1 also shows the material properties and
the initial stress of the target steel wire rope and other ropes.3. Relationship between the rope forces and the hook force
Due to the special structure and unique characteristic of the
steel wire rope, it is virtually impossible to obtain the experimental
values of the rope forces by a force transducer on the rope. To dem-
onstrate the three dimensional model of the target steel wire rope
proposed in this paper, a force transducer is installed onto the hook
to obtain the experimental data of the hook force. Goodness of ﬁt
between the rope forces and the hook force is an obvious and cru-
cial criterion to conﬁrm whether the three dimensional model of
the target steel wire rope presented in this paper is valid or not.
Thus, it is necessary to know clearly the relationship between
the rope forces and the hook force.
A high speed moving object engages with the target steel wire
rope via a hook and then is stopped by the resistance forces of
the target steel wire rope, as illustrated in Fig. 2. This paper deals
with the problem that how to model the target steel wire rope
by the proposed three dimensional modeling approach. A global
Cartesian coordinate system is established with its original point
being located in the initial middle point of the target steel wire
rope. According to the global Cartesian coordinate system, the high
speed moving object runs along the positive x axial direction andteel wire rope.
Table 1
Main parameters of the high energy absorber apparatus.
Parameters Symbols Values
Mass of high speed moving object M 24050 kg
Initial velocity of high speed moving object V 63.89 m/s
Length of target steel wire rope L 27 m
Diameter of target steel wire rope dtr 0.0365 m
Linear density of target steel wire rope ktr 5.5 kg/m
Modulus of elasticity of target steel wire rope Etr 1.05e11 Pa
Diameter of other ropes dor 0.04 m
Linear density of other ropes kor 6 kg/m
Modulus of elasticity of other ropes Eor 1.16e11 Pa
Density of steel wire rope materials q 7800 kg/m3
Initial stress in the target steel wire rope r0 1.7e7 Pa
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while the positive y axial direction is opposite to the gravity. The
direction of the hook force is along the negative x axis. Moreover,
the hook force is able to be decomposed into the rope forces along
the longitudinal direction of the target steel wire rope.
From Fig. 2, it is easy to ﬁnd out that the relationship between
the resultant force and the component forces in the target steel
wire rope can be expressed as
Frf ¼ Frl cosbþ Frr cosb ð1Þ
where Frf denotes the resultant force of the target steel wire rope,
Frl the axial force in the left segment of the target steel wire rope,
Frr the axial force in the right segment of the target steel wire rope,
b the angle between the direction of Frf and the direction of Frl or Frr .
According to Fig. 2, the relationship between the rope forces in
the target steel wire rope and the hook force can be described as
Fhook ¼ ðFrl þ FrrÞ cosa cosb ð2Þ
where Fhook denotes the hook force to stop the high speed moving
object, a the angle between the plane EHM and the plane ABCD.
From Eq. (2), it is easy to know that the motion of the target steel
wire rope in Fig. 2 is a spatial movement, rather than a planar one.
Based on the geometrical relationship in Fig. 2, the angle a can
be obtained by the following equation
a ¼ atan LEP
LOP
 
ð3Þ
where LEP denotes the vertical distance from the engaging point of
the hook to the plane ABCD, LOP the displacement of the high speed
moving object along x axis.
The value of the angle b is calculated in Section 4.4 because its
calculation involves with not only the geometry parameters inFig. 2. Schematic of the relationship betweFig. 2, but also the kink-wave propagation in the target steel wire
rope.
4. Mathematical model
4.1. Description of the target steel wire rope
The target steel wire rope is modeled as a multi-body system
consisting of identical Fundamental Cylindrical Element (FCE) as
illustrated in Fig. 3. The diameter and the length of every FCE is
expressed as dtr and DL, respectively. Every two FCEs are intercon-
nected via a space constraint (SC) where translations along x-, y-, z-
directions and rotations with respect to x-, y-, z-axes between the
two FCEs are permitted. The SCs are assumed to be mass-less and
characterized by stiffness and damping coefﬁcients. Every FCE, in
turn, is described by mass and inertial moments. It is worth noting
that comparing with the ropes forces, the dead load (weight) of the
steel wire rope is too small to consider when the target steel wire
rope is modeled.
In case of the three dimensional multi-body system, every FCE
has 6 degrees of freedom and the position of the center of mass
for every FCE can be speciﬁed with the generalized coordinate vec-
tor qi, deﬁned as
qi ¼ ½qxi; qyi; qzi; qhxi; qhyi; qhzi; T ði ¼ 1; . . . ;nÞ ð4Þ
Deserving to be mentioned, the motion of the target steel wire rope
is a spatial one. It is the three rotations with respect to x-, y-, z-axes
that makes the spatial motion of the target steel wire rope possible.
Thus, it is necessary to model the FCE with 6 degrees of freedom,
especially the three rotations.
Similarly, the generalized forces acting on the FCEs can be spec-
iﬁed by the vector Pi, deﬁned as
Pi ¼ ½PFxi; PFyi; PFzi; PTxi; PTyi; PTziT ði ¼ 1; . . . ;nÞ ð5Þ
Considering all the FCEs as a whole, the generalized coordinate
and the generalized force of the multi-body system are composed
of the sub-vectors qi and Pi, respectively
q ¼
q1
q2
..
.
qn
2
66664
3
77775; P ¼
P1
P2
..
.
Pn
2
66664
3
77775 ð6Þ
The multi-body system of the target steel wire rope has 6n
degrees of freedom and equations of motion for the multi-body
system are derived using Lagrange formulaen the rope forces and the hook force.
Fig. 3. Division of target steel wire rope.
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dt
@T
@ _q
 
 @T
@q
¼ P ð7Þ
where T denotes the kinetic energy of the target steel wire rope.
The kinetic energy of the multi-body system is calculated by the
following equation
T ¼
Xn
i¼1
1
2
mriv2ri ð8Þ
where mri is the mass of the FCEs, v ri the velocities of the FCEs.
4.2. Space constraint
Space constraints (SCs) combine the independent FCEs together
to form a multi-body system. The generalized forces are applied to
partial FCEs by three dimensional contacts between the target steel
wire rope and the hook attached to the high speed moving object.
The other FCEs are driven by the SCs and the partial FCEs impacted
by the hook. How the generalized forces are delivered from one
FCE to another is determined by the properties of the SCs. Fig. 4
shows the force and torque relationships in the SCs.
The following constitutive equations deﬁne that how a force
and a torque are applied by the SC to the FCEi depending on the
displacement and velocity of the FCEi relative to the FCEiþ1.
Pi ¼ Kðqi  qiþ1Þ  Cð _qi  _qiþ1Þ þ Pprei ð9Þ
where K denotes the stiffness matrix of the FCE, C the damping
coefﬁcients matrix of the FCE, Pprei the preload generalized force
on the FCEi which can be expressed as
Pprei ¼ ½PFx0i; PFy0i; PFz0i; PTx0i; PTy0i; PTz0iT ð10ÞFig. 4. Space cwhere PFx0i; PFy0i; PFz0i are the measure numbers of the constant pre-
load force component, PTx0i; PTy0i; PTz0i are the measure numbers of
the constant preload torque component.
The stiffness matrix K is described in the following equation
(Xie and Wu, 2007)
K ¼
K11 0 0 0 0 0
0 K22 0 0 0 0
0 0 K33 0 0 0
0 0 0 K44 0 0
0 0 0 0 K55 0
0 0 0 0 0 K66
2
666666664
3
777777775
ð11Þ
The diagonal elements in matrix K represent the tension stiff-
ness, shear stiffness, torsion stiffness, bending stiffness, respec-
tively and are calculated by the following formula
K11 ¼ Etrpd
2
tr
4DL
K22 ¼ K33 ¼ Gtrpd
2
tr
4DL
K44 ¼ Gtrpd
4
tr
32DL
K55 ¼ K66 ¼ Etrpd
4
tr
64DL
ð12Þ
where Gtr denotes the modulus of shearing of the target steel wire
rope.
The damping coefﬁcients matrix C is calculated by the following
equationonstraint.
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C11 0 0 0 0 0
0 C22 0 0 0 0
0 0 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66
2
666666664
3
777777775
ð13Þ
In the view of computational efﬁciency and simpliﬁed calcula-
tion, the damping coefﬁcients in Eq. (13) are deﬁned to be constant
to reduce the complexity of the resolution of the dynamic equa-
tions. In Eq. (13), the values of coefﬁcient Cii ði ¼ 1;2; . . . ;6Þ are
given by the empirical operation (1  10 N s=mm). On this
account, the damping coefﬁcients are deﬁned to be 5 N s=mm
(Xie and Wu, 2007) as a justiﬁed compromise, considering the
damping here is not the main dissipation source.
4.3. Three dimensional contacts
When the hook attached to the high speed moving object
engages with the target steel wire rope, an impact force applied
to the FCEs is generated due to the three dimensional contacts,
as illustrated in Fig. 5. According to the geometry parameters of
the hook and FCEs displayed in Fig. 5, it is easy to know that there
are 5 FCEs involved to manage the contact between the hook and
the target steel wire rope. The impact forces drive the FCEs and
the reaction forces in the target steel wire rope are generated cor-
respondingly to decrease the velocity of the hook and the high
speed moving object. The impact forces are generated between
the hook and the FCEs which collide directly with the hook. For
those FCEs that are far away from the hook, no impact forces are
generated as a result of the absence of the collision between the
hook and the FCEs.
The following assumptions of the three dimensional contacts
are made to calculate the impact forces: (1) the contact area is
the middle segment of the rope; (2) the hook moves along the x-
direction without disturbance; (3) the contact is friction-less. The
impact forces are generated immediately the hook crashes into
the FCEs and the x-component of the impact force can be calcu-
lated by the following equation (Xie and Wu, 2007)
PFxm ¼
0; qxPqx0
Kmðqx0qxÞem Cm dqxdt qxqx0þdmdm
 2
3 2ðqxqx0þdmÞdm
 
;
qx0dm <qx < qx0
Kmðqx0qxÞem Cm dqxdt ; qx6 qx0dm
8>>><
>>>:
ð14Þ
where qx0 denotes the initial distance along x-axis between the two
impacting objects, qx the actual distance along x-axis between the
two impacting objects, Km the contact stiffness, em the contact expo-
nent, Cm the contact damping coefﬁcient, dm the penetration depth.Fig. 5. Three dimensional contacts between hook and FCEs.The Eq. (14) reveals that the impact force is composed of two
forces, one of which is caused by the penetration between the con-
tacting objects and the other is caused by the viscosity damping
between the contacting objects.
The contact stiffness Km in Eq. (14) can be expressed by the fol-
lowing formula (Xie and Wu, 2007)
Km ¼ 13
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2dtrdhook
dtr þ dhook
s
Etr
1 e2 ð15Þ
where dhook denotes the diameter of the internal arc surface of the
hook, e Poisson’s ration of the steel material.
In Eq. (14), the value of the contact damping coefﬁcient Cm is set
to be 0.5% of Km. The contact exponent em and the penetration depth
dm are set to be 1.5 and 0.1 mm, respectively (Xie and Wu, 2007).
Similarly to Eq. (14), the y-, z-components of the impact force
are obtained according to Eqs. (16) and (17).
PFym ¼
0; qy P qy0
Kmðqy0  qyÞem  Cm dqydt ð
qyqy0þdm
dm
Þ2ð3 2ðqyqy0þdmÞdm Þ;
qy0  dm < qy < qy0
Kmðqy0  qyÞem  Cm dqydt ; qy 6 qy0  dm
8>>><
>>>:
ð16Þ
PFzm ¼
0; qz P qz0
Kmðqz0  qzÞem  Cm dqzdt ðqzqz0þdmdm Þ
2ð3 2ðqzqz0þdmÞdm Þ;
qz0  dm < qz < qz0
Kmðqz0  qzÞem  Cm dqzdt ; qz 6 qz0  dm
8>><
>>>:
ð17Þ
where qy0; qz0 denotes the initial distance along y-axis and z-axis
between the two impacting objects respectively, qy; qz the actual
distance along y-axis and z-axis between the two impacting objects.
Thus, the impact forces applied to the FCEs can be expressed as
Pimpact ¼ ½PFxm; PFym; PFzm;0;0;0T : ð18Þ4.4. Kink-wave propagation
The phenomenon of kink-wave in the steel wire rope is a partic-
ular mechanical behavior when the rope is employed in a high
speed application ﬁeld. The kink-wave is generated as long as the
steel wire rope undergoes a sudden perpendicular impact with
respect to the longitudinal direction caused by a high speed mov-
ing object, as shown in Fig. 6. The kink-wave is regarded as a com-
plex propagation of stress wave in the steel wire rope and provides
the incunabular forces to stop the high speed moving object before
the high energy absorber apparatus works. In other words, it is the
stress in the target steel wire rope that provides the forces deceler-
ating the high speed moving object before the kink-wave propa-
gates to the sheave. Actually, the initial stress in the steel wire
rope plays an important role in the dynamical behaviors of the
steel wire rope, in particular at the beginning of the impact. In
Fig. 6, an initial tensile force is applied to the target steel wire rope
before the rope is impacted perpendicularly by the hook attached
to the high speed moving object. According to Table 1, the value
of the initial stress r0 of the steel wire rope (before the impact)
is explicitly deﬁned as 1.7e7 Pa.
The velocity of the longitudinal wave of the stress in the steel
wire rope can be written as
c ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ r0
Etr
 
Etr
q
s
ð19Þ
The velocity of the transverse wave of the stress in the steel
wire rope can be written as
Fig. 6. Top view of kink-wave propagation.
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ r0Etr
1þ rEtr
r
q
s
ð20Þwhere r denotes the actual stress in the steel wire rope.
The velocity of the FCE moving towards the impact point can be
expressed asu ¼ r r0
Etr þ r0 c ð21Þ
The velocity of the kink-wave in the steel wire rope is calculated
by the following equationw ¼ c  u 1 c
c
 
ð22ÞThe angle b represents the relationship between the rope forces and
its resultant force and it is on the plane of HEM, as shown in Fig. 2. It
is determined by both the velocity of the kink-wave propagation
and the velocity of the high speed moving object before the kink-
wave propagates to the sheave. After that, it is only determined
by the velocity of the high speed moving object. Suppose that the
time for the kink-wave propagating to the sheave is tw. The angle
b is just the angle \OEM when the time satisﬁes the condition of
0 < t < tw. After the kink-wave propagates to the sheave, the angle
b is the angle \OEN when the time satisﬁes the condition of t P tw.
In other words, the equation for calculating the angle b is a contin-
uous piecewise function. As a result, the formula of calculating
angle b can be written asb ¼
atan
R t
0
wdtﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR t
0
vmdt
 2
þL2EP
r
0
BB@
1
CCA; 0 < t < tw
atan LONﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR t
0
vmdt
 2
þL2EP
r
0
BB@
1
CCA; t P tw
8>>>>>><
>>>>>>:
ð23Þwhere vm denotes the real time velocity of the high speed moving
object, LON the distance from the impact point to the sheave.5. Simulation, veriﬁcation and analysis of the dynamical
characteristics of the steel wire rope
5.1. Simulation and veriﬁcation
Based on the mathematical descriptions and the three dimen-
sional model of the target steel wire rope above, a numerical sim-
ulation of the multi-body system is conducted to verify the
validation of the proposed modeling approach and study the
dynamical characteristics of the steel wire rope. During the simu-
lation process, the length of every FCE, represented by DL, is set
to be 40 mm.
To implement the model veriﬁcation, some preliminary work
must be done and the numerical simulation values of the hook
force should be ﬁgured out ﬁrstly. According to the Eq. (2), the val-
ues of a; b; Frl; Frr are necessary to be obtained to calculate the
numerical simulation values of the hook force. The angles of a; b
are calculated by the Eqs. (3) and (23) respectively, as shown in
Fig. 7. The values of Frl; Frr are acquired from the numerical simu-
lation, as shown in Fig. 8.
From Fig. 7, it is easy to ﬁnd out that the angle of b ﬂuctuates in
the early stage of the numerical simulation which is caused by the
kink-wave propagation but keeps the smooth change in the rest of
time. Oppositely, the angle of a changes rapidly in almost the
whole stage since the engaging point on the hook moves up and
down quickly. The negative value of a implies that the engaging
point on the hook is below the initial position of the steel wire
rope. Furthermore, the values of the angle b in Fig. 7 are observed
to the convergence of a constant value 10. This phenomenon con-
forms to the physical fact and can be explained by the Eq. (23).
After the kink-wave propagates to the sheave, the angle b is mainly
determined by the velocity of the high speed moving object. It can
be known from Eq. (23), The numerator of the fraction in Eq. (23)
keeps a constant value while the denominator ﬁnally converges
to a stable value. Consequently, the values of the angle b are sure
to be a constant value.
Fig. 8 illustrates that the numerical simulation values of Frl and
Frr agree with each other well in the ﬁrst stage (within 0.5 s). How-
ever, the perfect correlation between Frl and Frr is broken at
approximately 0.5 s. It can be seen from Fig. 8 that the values of
Frl and Frr becomes numerical inconsistent with each other from
approximately 0.5 s. This can be explained by the structure of the
whole system (including the target steel wire rope, other ropes,
sheaves and the hydraulic unit) and the propagation of the stress
Fig. 7. Angles of a; b.
Fig. 8. Rope forces of Frl; Frr .
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strictly symmetric from the view of structures, seen in Fig. 1. In
particular, the hydraulic jack in the hydraulic unit is a kind of plun-
ger cylinder, rather than the symmetric cylinder. Nevertheless, the
partial structure of the whole system is symmetric, like the struc-
ture from the target steel wire rope to the hydraulic unit. Thus, the
values of Frl and Frr agree with each other before the stress wave
propagates to the hydraulic unit. After that, the values of Frl and
Frr differ from each other as a result of the asymmetric structure
of the system. It should be stated here that an initial stress exists
in the target steel wire rope and thus, the behavior of the rope
showed in Fig. 8 can be easily understood and physically accepted.Model veriﬁcation is performed by comparing the hook force
between the results of the numerical simulation and the experi-
mental data available, as illustrated in Fig. 9. Here the experimen-
tal data refers to the hook force acquired by the force transducer
installed on the hook. Based on the Eq. (2) and the values in the
Figs. 7 and 8, the numerical simulation values of hook force can
be worked out. Fig. 9 shows that the overall trend of the numerical
simulation results is consistent with that of the experimental data
except the ﬂuctuation of the numerical simulation results is larger
than that of the experimental data in some certain time. The blem-
ish of larger ﬂuctuation of numerical simulation results can be
explained as that no friction factors between the steel wire rope
Fig. 9. Model veriﬁcation by comparing the hook force.
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cess. Therefore, weakening effects on the peak value of the numer-
ical simulation results caused by the friction factors are nearly
slight as a result of the absence of frictional forces.
Actually, the process from 0.3 s to 2.5 s in Fig. 9 is the main
energy absorbing stage according to the working principle of the
high energy absorber apparatus, and during this stage, the steel
wire rope undergoes continuous heavy loads. Although the numer-
ical simulation results do not follow the experimental data per-
fectly, it is not important because it is the average values that
matter in the main energy absorbing stage. So, the average values
of the experimental data and the numerical simulation results dur-
ing the main energy absorbing stage are adopted to verify the pro-
posed three dimensional model of the steel wire rope. According to
Fig. 9, the average value of the numerical simulation results is
690.4 KN while the corresponding value of the experimental data
is 679.3 KN during the main energy absorbing stage. The error rate
between the average values of the experimental data and the
numerical simulation results is about 1.63%, a convincible proof
to demonstrate the accuracy of the proposed model of the steel
wire rope. As mentioned above, the reason for the error of the aver-
age values between the experimental data and the numerical sim-
ulation results in the main energy absorbing stage is the same as
that in the whole process.
A plot of the total energy absorbed and dissipated through the
target steel wire rope is shown in Fig. 10. The total simulation
energy is acquired by multiplying displacement of the high speed
moving object and the numerical simulation results of the hook
force. Correspondingly, the total experimental energy is obtained
by multiplying displacement of the high speed moving object
and the experimental hook force. In Fig. 10, the total simulation
energy and the total experimental energy are 56.74 MJ and
53.25 MJ, respectively. The error rate between the total simulation
energy and the total experimental energy is about 6.55%, a piece of
implicit evidence to demonstrate the rationality of the proposed
model of the steel wire rope.
The curve of the total simulation energy is always above that of
the total experimental energy in Fig. 10. This can be explained that
almost all the frictional forces inside the high energy absorber
apparatus and the wind resistance of the high speed moving object
are ignored during the modeling and simulation process. Besides,the energy consumption between the wires and strands inside
the steel wire rope is also ignored. It is these factors that lead to
the error between the total simulation energy and the total exper-
imental energy.5.2. Analysis of dynamical characteristics of the steel wire rope
The dynamical characteristics of the steel wire ropes play an
important role in the energy absorbing process. The analysis of
dynamical characteristics of the steel wire ropes cannot only reveal
some interesting and signiﬁcant mechanical properties of steel
wire ropes, but also can be an indirect proof to demonstrate the
validity of the proposed modeling approach in this paper. Further-
more, plots of dynamical characteristics of the steel wire ropes
may offer some impressive understandings about the new three
dimensional modeling approach.
The steel wire rope is modeled as a multi-body system consist-
ing of plenty of FCEs with 6 degrees of freedom. The mechanical
behavior of the FCE reﬂects the dynamical characteristics of the
steel wire rope directly. Two typical FCEs, one of which is close
to the Middle Point of the steel wire rope (FCE_MP) and the other
one is close to the Connectors and Sheaves (FCE_CS), are analyzed
here. Velocities of x component, velocities of y component, veloci-
ties of z component and resultant velocities of FCE_MP and FCE_CS
are shown in Fig. 11.
From Fig. 11(a), it is obvious to know that the x component
velocity of FCE_CS oscillates more rapidly than that of FCE_MP,
especially in the ﬁrst 1 s after the hook crashes into the steel wire
rope. Fig. 11(b) indicates the oscillation characteristics of the y
component velocity of the FECs and the oscillating amplitude of
the y component velocity of FCE_CS is obviously much larger than
that of FCE_MP. The differences of the z component velocity
between FCE_CS and FCE_MP are noticeable in Fig. 11(c). The z
component velocity of FCE_CS ﬂuctuates apparently from 20 m/
s to 40 m/s. On the contrary, the z component velocity of FCE_MP
almost remains steady around zero. Given that the distinctions of
the resultant velocities between FCE_CS and FCE_MP in
Fig. 11(d), it is prone to come to the conclusion that the farther dis-
tance the FCE is from the middle point of the steel wire rope, the
more oscillation the characteristic of the velocity of FCE is.
Fig. 10. Model veriﬁcation by comparing the absorbed and dissipated energy.
Fig. 11. Velocities of FCEs at different positions.
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and FCE_CS in Fig. 11 can be explained by the different constraint
conditions. The contact between the hook and FCE_MP restricts the
oscillation of the velocities of FCE_MP while there is no contact
between the hook and the FCE_CS. In other words, the FCE_CS is
freer than the FCE_MP. Thus, it is not difﬁcult to understand the
fact that the velocity of FCE_CS oscillates more rapidly than thatof FCE_MP. Knowing this fact would also be helpful to take perti-
nent measures to limit the oscillation of the velocity of the FCEs.
The properties of SCs are the decisive factors that inﬂuence the
dynamical characteristics of the steel wire rope. Also, two SCs
located at different places, one of which is close to the Middle Point
of the steel wire rope (SC_MP) and the other one is close to the
Connectors and Sheaves (SC_CS), are deliberated here. A plot of
Fig. 12. Forces and torques of SCs at different positions.
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Fig. 12. It shows that the whole developing trend of the force of
SC_MP conﬁrms approximately to that of the force of SC_CS,
although there are some differences from 1 s to 4 s. On the con-
trary, the torque of SC_MP is quite different from that of SC_CS
whose values almost remain zero during the whole process. This
fact reveals that the distance from the SC to the middle point of
the steel wire rope has more signiﬁcant effects on the torque than
the force of the SCs. This is because that the SCs in the middle of
the steel wire rope undergo the impact directly and larger torque
is needed to regulate the rotations of the steel wire rope.
Fig. 12 displays the different load conditions of the steel wire
rope and it implies that the middle segment of the steel wire rope,
where the three dimensional contact happens, suffers larger torque
than other segments of the steel wire rope. Consequently, the shear
fatigue failure may most possibly occur in the middle segment of
the steel wire rope. As a result, the predictable life of the target
steel wire rope is determined by the reliability of the middle seg-
ment of the rope.
The motions of the identical FCEs are driven by the impact
forces caused by the three dimensional contacts between the hook
and partial FCEs. A plot of the impact forces between the hook and
one of the FCEs is shown in Fig. 13. It indicates that the values of x
component impact force are very close to that of the resultant
impact force while the curves of y component and z component
impact forces are obviously far away from that of the resultant
impact force. Also, it indicates that the resultant impact force is
majorly composed of x component impact force while y compo-
nent and z component impact force play a secondary role in the
three dimensional contacts between the hook and the FCEs. This
is because the high speed moving object translates along the x axis
direction. According to the Eq. (14) and the Fig. 5, the x componentimpact force becomes the main impact force during the three
dimensional contacts.
Considering that the target steel wire rope is applied in a high
speed engineering application ﬁeld and undergoes perpendicular
impact, the phenomenon of kink-wave propagation in the steel
wire rope is not permitted to be ignored. Actually, a kink-wave
in the steel wire rope is distinctly observed during the numerical
simulation of the target steel wire rope. In order to make an inten-
sive study on this phenomenon, the velocity of the kink-wave is
obtained according to the Eqs. (19)–(22) and the displacement of
the kink-wave is calculated by integrating its velocity. Both the
velocity and displacement of the kink-wave in the steel wire rope
are illustrated in Fig. 14.
Based on the numerical simulation of the target steel wire rope,
the forming process of the kink-wave is shown in Fig. 15. The dif-
ferent shapes of the target steel wire rope at different times are
determined by the kink-wave properties and its propagation. At
the very beginning of the hook engaging with the target steel wire
rope, a small triangle shape is produced in the target steel wire
rope. As time goes on, the shape of the triangle in the target steel
wire rope becomes larger and larger until the kink-wave reaches
to the sheaves.
Fig. 14 shows that the kink-wave is generated when the hook
engages with the target steel wire rope and then starts to propa-
gate towards the sheaves. The distance from the impact point of
the target steel wire rope to the sheave is 15 m. At the time of
0.1 s, the displacement of the kink-wave reaches to 14.02 m, which
is the maximum displacement and not exceeds 15 m. At the time of
0.101 s, the displacement of the kink-wave is over 15 m and this is
conﬂict with the physical situation. In this case, the time of 0.1 s
could be regarded as the simulation time of the kink-wave
propagating to the sheave. The simulation displacement of the
Fig. 13. Impact forces between the hook and one of the FCEs.
Fig. 14. The velocity and displacement of the kink-wave.
Fig. 15. Forming process of the kink-wave.
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Fig. 16. The velocity and acceleration of the high speed moving object.
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kink-wave needs to propagate is 15 m. In other words, the error
rate of the kink-wave propagation is worked out to be 6.53%. In
fact, the kink-wave propagation in the steel wire rope is a complex
phenomenon involving with stress waves and waves’ reﬂection.
There are more than one kink-wave during the numerical simula-
tion, but only the ﬁrst kink-wave and its propagation are consid-
ered in this paper. It is those kink-waves which are neglected
that lead to the error rate of 6.53%. Despite all this, the error rate
is also reasonable enough to demonstrate the validity of the pro-
posed three dimensional modeling approach of the steel wire
ropes.
The high speed moving object is stopped by the target steel wire
rope which is modeled by the proposed three dimensional
approach. The velocity and the acceleration of the high speed
moving object are shown in Fig. 16. The velocity of the high speed
moving object is decreased to 0 m/s at the time of 2.891 s. After
that, the high speed moving object is pulled backward slightly as
there are still some residual forces in the target steel wire rope.
This phenomenon accords with the physical laws of the real steel
wire rope and indirectly veriﬁes the validation of the proposed
three dimensional model of steel wire rope.
6. Conclusions
A three dimensional approach to model steel wire ropes used in
high energy absorber apparatus was proposed. The steel wire ropes
were modeled as a multi-body system consisting of identical fun-
damental cylindrical elements with 6 degrees of freedom. Three
dimensional contacts were included in the new three dimensional
approach method. The generation and propagation of the kink-
wave were also discussed in this paper. By comparing the hook
force and the absorbed energy, it could be concluded that the pro-
posed three dimensional approach to model steel wire ropes was
accurate and valid.
Based on this novel approach, the dynamical characteristics of
the steel wire ropes were investigated and some signiﬁcant results
were found. When three dimensional contacts were applied to the
steel wire ropes, the impact force in the contact direction was the
major force. The time that the kink-wave in the steel wire rope
propagates a distance of 15 m was 0.1 s.All in all, the three dimensional approach to model steel wire
ropes presented in this paper can be treated as a new attempt in
the study of modeling steel wire ropes precisely. The analysis of
the dynamical characteristics of steel wire ropes can lay a founda-
tion for the further comparative study of the rope dynamics.
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